A preliminary investigation of the biocarbon fraction in carbon dioxide emissions of power plants using both fossil-and biobased fuels is presented. Calculation of the biocarbon fraction is based on radiocarbon content measured in power plant flue gases. Samples were collected directly from the chimneys into plastic sampling bags. The 14 C content in CO 2 was measured by accelerator mass spectrometry (AMS). Flue gases from power plants that use natural gas, coal, wood chips, bark, plywood residue, sludge from the pulp factory, peat, and recovered fuel were measured. Among the selected plants, there was one that used only fossil fuel and one that used only biofuel; the other investigated plants burned mixtures of fuels. The results show that 14 C measurement provides the possibility to determine the ratio of bio and fossil fuel burned in power plants.
INTRODUCTION
Implementation of the emission trading system resulted in an urgent need to bring into practice an easily applied measurement method for quantifying the amount of biocarbon in the fuels burned in power plants. Presently, in Finland, bio-and fossil-based carbon dioxide (CO 2 ) amounts are usually calculated on the grounds of fuel consumption data and the CO 2 coefficients, which are established for each fuel type separately. In the national regulations, there is also the possibility to define fractions with other methods. In this paper, we present an estimate as to what extent it is possible to determine the biocarbon fraction in the fuel used at the power plant via radiocarbon measurements of CO 2 extracted from the flue gases.
The principle of discrimination between biobased and fossil carbon via 14 C measurements is well known (Clayton et al. 1955 ). Levin and Hesshaimer (2000) proposed that 14 C measurement in atmospheric air might be a useful tool for the validation of national fossil-fuel CO 2 emissions, and 14 C measurements clearly can be used to trace fossil-fuel CO 2 emissions into the atmosphere (Levin et al. 2003) . In the United States, a standard method based on the same principle for identification of biobased content in manufactured materials was recently implemented (ASTM International 2005; Noakes et al. 2005; Norton and Devlin 2005) . Also, aerosols deriving from bio and fossil sources are discriminated by the 14 C measurements (Currie et al. 1997; Slater et al. 2002; Szidat et al. 2004 ).
14 C content measured in flue gas makes it possible to assess fractions of bio and fossil fuel used in power plants because the difference of 14 C activity in the mentioned types of fuels exceeds 100 pMC. In renewable fuels, 14 C concentration varies today between 110-130 pMC, depending on the fuel type. This range was calculated for wood material with ages from 10 to 100 yr. The highest values were found for trees that were about 50 yr old, while the lowest values are typical for biomaterial that has been formed in recent years. Our calculations were based on atmospheric 14 C data (Stuiver and Quay 1981; Levin et al. 1985; Kromer 1997, 2004 ) and on the assumption that each tree ring was equally wide. In Finland, the 14 C concentration range of wood material used as fuel is probably smaller than the range mentioned above because trees in cultivated forests are cut down at an age of 40-70 yr (Mielikäinen 1997) , and only certain parts of the tree are used for energy production.
The 14 C content in peat (which is not considered biofuel) varies depending on the age of the peat. If we assume that the energy of peat is 500-5730 yr old, the 14 C content would be between 50 pMC and 90 pMC. This variation causes serious difficulties in the determination of the biofuel content by the 14 C method at facilities burning peat.
MATERIALS AND METHODS
The samples were collected directly from holes in the power plant chimneys with a hollow metal rod. The gas sample was filtered with a quartz filter, dried in a freezer, and then closed in a 10-L Tedlar ® sampling bag with a Teflon ® valve. The sampling line and the filter were preheated in order to prevent condensation of moisture in the sampling line and filter. At power plant 1, the sampling line was not preheated because the temperature of the flue gas was relatively low. Quartz filters were not used because solid particles are not generated during the burning of natural gas.
The sample bags were transported to the laboratory, where CO 2 was cryogenically separated and collected. The CO 2 concentration in the sampled flue gases was measured with a Fourier transformation infrared (FTIR) spectrometer. δ 13 C values were measured with an isotope ratio mass spectrometer (IRMS) from CO 2 . After δ 13 C measurement, the CO 2 was reduced to graphite and pressed to a copper target (Slota et al. 1987 ). 14 C measurements were performed at the Uppsala AMS facilities.
Flue gases were collected from power plants using different kinds of fuels. One power plant (#1) that uses only fossil fuel was chosen for our study in order to estimate the level of possible contamination during the sample preparation process (burning, sampling, and sample handling). We also tested the tightness of the plastic bag used for sampling with the samples from power plant 1. The CO 2 from sample 1 was purified immediately after sampling, while sample 2 was processed after 19 days of storage in a plastic sampling bag.
From power plant 2, which uses biobased fuel (bark and wood chips), samples were taken several times within a period of 3 months in order to determine the range of 14 C content in wood material used as fuel. In addition, we selected a log from a recently felled tree of known age, which was burnt in an open fireplace. Before burning, the wooden log was shattered into small pieces in order to homogenize the tested material; thus, the collected samples of CO 2 represented the average isotopic composition of the wood. The 14 C concentration measured in generated CO 2 delivered information on the average 14 C concentration in a tree of known age.
The other plants burned mixtures of different fuels. Fuel mixtures used at these plants are presented in Table 1 . The information on the fuel composition at each power plant was obtained from staff members of the power plants. Power plant 3 was sampled once. From both power plants 4 and 5, samples from 2 different fuel mixtures were collected. From power plant 5, parallel samples were also taken to ensure the results. 
RESULTS AND DISCUSSION
Carbon dioxide concentrations in the samples collected from power plants were between 9-15%, except for the samples collected at power plant 1, where the concentration was only 3.1%. Burning of the wooden log in a fireplace yielded an even lower CO 2 concentration: 1.7%.
The results in Table 2 show that the 14 C contamination over the whole process is low, and storage of samples in plastic sampling bags has only a minor influence on the result. The influence of atmospheric air contamination is lower when the measured 14 C concentration is close to the atmospheric value of 14 C. The influence of atmospheric CO 2 also depends on the CO 2 concentration of the flue gas due to dilution. In samples with low CO 2 concentration, the influence of atmospheric CO 2 is more significant than in samples with high CO 2 concentration.
Reported δ 13 C values of natural gas (CH 4 ) range from -21‰ to -76‰ (Deines 1980) . In samples 1 and 2, the δ 13 C value of CO 2 in flue gas is close to -50‰, which is in the middle of the mentioned range. For coal and charcoal, δ 13 C ranges between -20‰ and -30‰. For wood of C 3 plants, δ 13 C values fall into a similar range, while the most probable values are around -26‰. In this case, the δ 13 C value may give some information as to the fuel types used.
At power plant 2, 8 14 C samples were collected from the flue gas within 3 months. From the results in Table 3 , we can see that the 14 C concentration is quite constant. The average concentration for these values is 118.2 pMC, and the standard deviation is 1.4 pMC. The value is a bit lower than one might expect from the 14 C concentrations in air and the ages of the trees. The reason is probably the fuel material. Sawdust contains an average mixture of the whole tree material, whereas the wood chips contain mostly parts that have grown in recent years and thus have lower 14 C concentrations.
A decreasing trend can be seen in the 14 C results in Table 3 . A small part of this decrease might be due to the seasonal variation of atmospheric 14 C concentration (Levin and Kromer 1997; Kuc and Zimnoch 1998) , but it cannot fully account for the decrease. CO 2 concentrations in these samples (Stuiver and Quay 1981; Levin et al. 1985; Kromer 1997, 2004 ) and the measured tree ring width data were used. The measured 14 C concentration was lower than estimated (Table 4) , probably due to the incomplete burning process and unsuccessful homogenization of the wood material. Results from power plant 2 (Table 3 ) compared with the 14 C concentration in the test log show higher values for the log, which indicates that the fuel burned at power plant 2 was composed of younger material.
The results for power plants 3-5 are presented in Table 5 . The most accurate information on the fuel mixture was obtained at power plant 3, where the carbon content of the used fuel was estimated to be bark 45%, paper factory sludge 19%, peat 28%, and wood chips 8%. Conversion factors of carbon content for different types of fuel were adopted after Alakangas (2000) . If one uses the value of 118.2 ± 0.6 pMC for bark, sludge from a paper factory, and wood chips, the 14 C concentration of peat can be calculated assuming that the carbon fraction of each fuel type is known. Calculation gives a 14 C concentration of 68 ± 4 pMC for peat.
At power plant 4, 2 samples (14 and 15) were taken during normal operation on consecutive days. The staff from the power plant informed us that the fraction of coal and peat in the fuel mixture should be approximately the same in both samples. The moisture of solid recovered fuel (SRF) containing paper and plastics was measured each day: sample 14 (7.3%); sample 15 (15.1%). The difference could be a consequence of a bigger fraction of plastics in sample 14 than in sample 15. The measured lower 14 C value of sample 14 supports this information since plastics are usually fossilbased material.
At power plant 5, the fuel burnt on 25 September (samples 16 and 17) was a mixture of bark, bio sludge, plywood residue, wood chips, and other wood-based fuels. The average 14 C content of this mixture is 118.8 pMC, which is in good agreement with the expected value for such a fuel mixture. Samples 18 and 19 were taken on 26 September, when peat was added to the fuel mixture, which is confirmed by the 14 C content. According to the information from the power plant staff, the power gained from peat and biofuels was 30-85 MW and 90-160 MW, respectively.
Adopting the 14 C concentration of 68 ± 4 pMC that we obtained at power plant 3 for peat, and 118.8 pMC for wood-based fuel (from determinations on samples 16 and 17), we can separately estimate electric power drawn from peat and wood-based fuel. Thus, the calculated minimum power from peat is 65 MW, while the maximum power from wood-based fuel is 123 MW. These estimates match the ranges given by the staff of the power plant investigated.
CONCLUSIONS
The 14 C signature of the CO 2 present in flue gases enables quantification of the ratio of bio and fossil carbon in the fuel mixture. Influence from ambient air contamination in the method is low and can be taken into account when the results are calculated. The presented results point to the possibility of detecting even small changes in fuel mixtures, although the variation of 14 C concentration in biofuel and peat introduce uncertainty to the final results. Our study showed that the average 14 C concentration of wood-based fuel was 116-122 pMC at the investigated power plants. This range might be applicable for most wood-based fuels.
Application of the 14 C method for a fuel mixture containing peat is more problematic because 14 C content in this material is not well defined and varies according to the age of the peat. Our study allowed us to estimate 14 C concentration in peat used at the power plant; however, the obtained numeric value cannot be considered as constant and specific for power peat due to the wide range of age distribution found in peat deposits. Using the 14 C method to quantify the biocarbon fraction in fuel mixtures containing peat requires additional research work.
